Search for additional heavy neutral Higgs and gauge bosons in the ditau final state produced in 36 fb(-1) of pp collisions at root  √s = 13 TeV with the ATLAS detector by Aaboud, M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/192374
 
 
 
Please be advised that this information was generated on 2019-06-01 and may be subject to
change.
J
H
E
P
0
1
(
2
0
1
8
)
0
5
5
Published for SISSA by Springer
Received: September 22, 2017
Accepted: December 29, 2017
Published: January 12, 2018
Search for additional heavy neutral Higgs and gauge
bosons in the ditau nal state produced in 36 fb 1 of
pp collisions at
p
s = 13TeV with the ATLAS
detector
The ATLAS collaboration
E-mail: atlas.publications@cern.ch
Abstract: A search for heavy neutral Higgs bosons and Z 0 bosons is performed using
a data sample corresponding to an integrated luminosity of 36.1 fb 1 from proton-proton
collisions at
p
s = 13 TeV recorded by the ATLAS detector at the LHC during 2015 and
2016. The heavy resonance is assumed to decay to +  with at least one tau lepton
decaying to nal states with hadrons and a neutrino. The search is performed in the mass
range of 0.2{2.25 TeV for Higgs bosons and 0.2{4.0 TeV for Z 0 bosons. The data are in
good agreement with the background predicted by the Standard Model. The results are in-
terpreted in benchmark scenarios. In the context of the hMSSM scenario, the data exclude
tan > 1:0 for mA = 0:25 TeV and tan  > 42 for mA = 1:5 TeV at the 95% condence
level. For the Sequential Standard Model, Z 0SSM with mZ0 < 2:42 TeV is excluded at 95%
condence level, while Z 0NU with mZ0 < 2:25 TeV is excluded for the non-universal G(221)
model that exhibits enhanced couplings to third-generation fermions.
Keywords: Beyond Standard Model, Hadron-Hadron scattering (experiments)
ArXiv ePrint: 1709.07242
Open Access, Copyright CERN,
for the benet of the ATLAS Collaboration.
Article funded by SCOAP3.
https://doi.org/10.1007/JHEP01(2018)055
J
H
E
P
0
1
(
2
0
1
8
)
0
5
5
Contents
1 Introduction 2
2 ATLAS detector 4
3 Data and simulated event samples 5
4 Event reconstruction 7
5 Event selection 8
5.1 hadhad channel 8
5.2 lephad channel 9
5.3 Event categories 9
5.4 Ditau mass reconstruction 9
6 Background estimation 10
6.1 Jet background estimate in the hadhad channel 10
6.1.1 Multijet events 11
6.1.2 Non-multijet events 11
6.2 Jet background estimate in the lephad channel 12
6.2.1 Multijet events 13
6.2.2 Non-multijet events 14
6.2.3 Tau identication fake-factors 14
6.2.4 Lepton isolation fake-factor 16
7 Systematic uncertainties 16
7.1 Uncertainties in simulation estimates 16
7.2 Uncertainties in data-driven estimates 17
8 Results 18
8.1 Fit model 19
8.2 Cross-section limits 21
8.3 MSSM interpretations 22
8.4 Z 0 interpretations 25
9 Conclusion 26
The ATLAS collaboration 37
{ 1 {
J
H
E
P
0
1
(
2
0
1
8
)
0
5
5
1 Introduction
The discovery of a scalar particle [1, 2] at the Large Hadron Collider (LHC) [3] has provided
important insight into the mechanism of electroweak symmetry breaking. Experimental
studies of the new particle [4{8] demonstrate consistency with the Standard Model (SM)
Higgs boson [9{14]. However, it remains possible that the discovered particle is part of
an extended scalar sector, a scenario that is predicted by a number of theoretical argu-
ments [15, 16].
The Minimal Supersymmetric Standard Model (MSSM) [15, 17, 18] is the simplest
extension of the SM that includes supersymmetry. The MSSM requires two Higgs doublets
of opposite hypercharge. Assuming that CP symmetry is conserved, this results in one CP-
odd (A) and two CP-even (h, H) neutral Higgs bosons and two charged Higgs bosons (H).
At tree level, the properties of the Higgs sector in the MSSM depend on only two non-SM
parameters, which can be chosen to be the mass of the CP-odd Higgs boson, mA, and the
ratio of the vacuum expectation values of the two Higgs doublets, tan . Beyond tree level, a
number of additional parameters aect the Higgs sector, the choice of which denes various
MSSM benchmark scenarios. In the mmod+h scenario [19], the top-squark mixing parameter
is chosen such that the mass of the lightest CP-even Higgs boson, mh, is close to the mea-
sured mass of the Higgs boson that was discovered at the LHC. A dierent approach is em-
ployed in the hMSSM scenario [20, 21] in which the measured value of mh can be used, with
certain assumptions, to predict the remaining masses and couplings of the MSSM Higgs
bosons without explicit reference to the soft supersymmetry-breaking parameters. The cou-
plings of the MSSM heavy Higgs bosons to down-type fermions are enhanced with respect
to the SM Higgs boson for large tan  values, resulting in increased branching fractions to  -
leptons and b-quarks, as well as a higher cross section for Higgs boson production in associ-
ation with b-quarks. This has motivated a variety of searches for a scalar boson (generically
called ) in  and bb nal states1 at LEP [22], the Tevatron [23{25] and the LHC [26{29].
Heavy Z 0 gauge bosons appear in many extensions of the SM [30{34] and while they are
typically considered to obey lepton universality, this is not necessarily a requirement. In
particular, models in which the Z 0 boson couples preferentially to third-generation fermions
may be linked to the high mass of the top quark [35{38] or to recent indications of lepton
avour universality violation in semi-tauonic B meson decays [39]. One such model is the
non-universal G(221) model [36{38], which contains a Z 0NU boson that can exhibit enhanced
couplings to tau leptons. In this model the SM SU(2) gauge group is split into two parts:
one coupling to fermions of the rst two generations and one coupling to third generation
fermions. The mixing between these groups is described by the parameter sin2 , with
sin2  < 0:5 corresponding to enhanced third generation couplings. A frequently used
benchmark model is the Sequential Standard Model (SSM), which contains a Z 0SSM boson
with couplings identical to the SM Z boson. By evaluating the impact on the signal
sensitivity from changing the Z 0SSM couplings, limits on Z
0
SSM can be reinterpreted for a
broad range of models. Indirect limits on Z 0 bosons with non-universal avour couplings
have been derived from measurements at LEP [40]. The most sensitive direct searches for
1The notation  and bb is used as shorthand for +  and bb throughout this paper.
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Figure 1. Lowest-order Feynman diagrams for (a) gluon-gluon fusion and b-associated production
of a neutral MSSM Higgs boson in the (b) four-avour and (c) ve-avour schemes and (d) Drell-Yan
production of a Z 0 boson.
high-mass resonances decaying to ditau nal states have been performed by the ATLAS
and CMS collaborations using data collected at
p
s = 8 and 13 TeV [29, 41, 42].
This paper presents the results of a search for neutral MSSM Higgs bosons as well as
high-mass Z 0 resonances in the ditau decay mode using 36:1 fb 1 of proton-proton collision
data at a centre-of-mass energy of 13 TeV collected with the ATLAS detector [43] in 2015
and 2016. The search is performed in the lephad and hadhad decay modes, where lep
represents the decay of a  -lepton to an electron or a muon and neutrinos, whereas had
represents the decay to one or more hadrons and a neutrino. The search considers narrow
resonances2 with masses of 0.2{2.25 TeV and tan  of 1{58 for the MSSM Higgs bosons.
For the Z 0 boson search, a mass range of 0.2{4 TeV is considered. Higgs boson production
through gluon-gluon fusion and in association with b-quarks is considered (gures 1(a){
1(c)), with the latter mode dominating for high tan  values. Hence, both the lephad
and hadhad channels are split into b-tag and b-veto categories, based on the presence or
absence of jets tagged as originating from b-quarks in the nal state. Since a Z 0 boson is
expected to be predominantly produced via a Drell-Yan process (gure 1(d)), there is little
gain in splitting the data into b-tag and b-veto categories. Hence, the Z 0 analysis uses an
inclusive selection instead.
The paper is structured as follows. Section 2 provides an overview of the ATLAS
detector. The event samples used in the analysis, recorded by the ATLAS detector or
simulated using the ATLAS simulation framework, are reported in section 3. The event
reconstruction is presented in section 4. A description of the event selection criteria is
given in section 5. Section 6 explains the estimation of background contributions, followed
by a description of systematic uncertainties in section 7. Results are presented in section 8,
followed by concluding remarks in section 9.
2A resonance is considered \narrow" if the lineshape has no impact on experimental observables.
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2 ATLAS detector
The ATLAS detector [43] at the LHC covers nearly the entire solid angle around the colli-
sion point.3 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporat-
ing three large superconducting toroid magnets. The inner-detector system is immersed in
a 2 T axial magnetic eld and provides charged-particle tracking in the range jj < 2:5.
The high-granularity silicon pixel detector covers the vertex region and typically pro-
vides four measurements per track. The innermost layer, known as the insertable B-
Layer [44], was added in 2014 and provides high-resolution hits at small radius to im-
prove the tracking performance. The pixel detector is surrounded by the silicon microstrip
tracker, which usually provides four two-dimensional measurement points per track. These
silicon detectors are complemented by the transition radiation tracker, which enables ra-
dially extended track reconstruction up to jj = 2:0. The transition radiation tracker also
provides electron identication information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold corresponding to transition radiation.
The calorimeter system covers the pseudorapidity range jj < 4:9. Within the region
jj < 3:2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters, with an additional thin LAr presam-
pler covering jj < 1:8, to correct for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into
three barrel structures within jj < 1:7, and two copper/LAr hadronic endcap calorimeters
that cover 1:5 < jj < 3:2. The solid angle coverage is completed with forward copper/LAr
and tungsten/LAr calorimeter modules, optimised for electromagnetic and hadronic mea-
surements respectively, in the region 3:1 < jj < 4:9.
The muon spectrometer comprises separate trigger and high-precision tracking cham-
bers measuring the deection of muons in a magnetic eld generated by superconducting
air-core toroids. The precision chamber system covers the region jj < 2:7 with three layers
of monitored drift tubes, complemented by cathode strip chambers in the forward region,
where the background is highest. The muon trigger system covers the range jj < 2:4 with
resistive plate chambers in the barrel, and thin gap chambers in the endcap regions.
A two-level trigger system is used to select interesting events [45, 46]. The level-one
trigger is implemented in hardware and uses a subset of detector information to reduce the
event rate to a design value of at most 100 kHz. This is followed by the software-based
high-level trigger, which reduces the event rate to 1 kHz.
3ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the interaction point to
the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r; ) are used in the
transverse plane,  being the azimuthal angle around the z-axis. The pseudorapidity is dened in terms of
the polar angle  as  =   ln tan(=2). Angular distance is measured in units of R p()2 + ()2.
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3 Data and simulated event samples
The results in this paper use proton-proton collision data at a centre-of-mass energy ofp
s = 13 TeV collected by the ATLAS detector at the LHC during 2015 and 2016. The
data correspond to a total integrated luminosity of 36:1 fb 1 after requiring that all relevant
components of the ATLAS detector are in good working condition. Selected events must
satisfy criteria designed to reduce backgrounds from cosmic rays, beam-induced events and
calorimeter noise [47]. They must also contain at least one primary vertex with at least
two associated tracks. The primary vertex is chosen as the proton-proton vertex candidate
with the highest sum of the squared transverse momenta of the associated tracks.
Simulated events are used to estimate the signal eciencies and some of the back-
ground contributions. The simulated event samples are normalised using their theo-
retical cross sections and the integrated luminosity. Simulated events with a heavy
neutral MSSM Higgs boson produced via gluon-gluon fusion and in association with b-
quarks were generated at next-to-leading order (NLO) with Powheg-Box v2 [48{50] and
MG5 aMC@NLO 2.1.2 [51, 52] (using the four-avour scheme), respectively. The CT10 [53]
set of parton distribution functions (PDFs) was used in the generation of gluon-gluon fu-
sion events while CT10nlo nf4 [54] was used to produce the b-associated signal samples.
Pythia 8.210 [55] with the AZNLO [56] (A14 [57]) set of tuned parameters (tune) was
used together with the CTEQ6L1 [58] (NNPDF2.3LO [59]) PDF set for the parton shower
calculation at leading order (LO), underlying event and hadronisation in the gluon-gluon
fusion (b-associated) production. The gluon-gluon fusion sample was generated assuming
SM couplings and underestimates the loop contribution from b-quarks at high tan , which
can impact the Higgs boson pT spectrum. Generator-level studies indicate this has a neg-
ligible impact on the nal mass distribution and only a few percent impact on the signal
acceptance, except for mass hypotheses below 400 GeV where the impact can be up to 10%,
so the eect is neglected.
The production cross sections and branching fractions for the various MSSM scenarios
are taken from ref. [60]. The cross sections for gluon-gluon fusion production are calculated
using SusHi [61], including NLO supersymmetric-QCD corrections [62{67], next-to-next-
to-leading-order (NNLO) QCD corrections for the top quark [68{72], as well as light-quark
electroweak eects [73, 74]. The b-associated production cross sections in the ve-avour
scheme are also calculated using SusHi based on bbh@nnlo [75], and those for b-associated
production in the four-avour scheme (where b-quarks are not considered as partons) are
calculated according to refs. [76, 77]. The nal b-associated production cross section is
obtained by using the method described in ref. [78] to match the four-avour and ve-avour
scheme cross sections. The masses and mixing (and eective Yukawa couplings) of the
Higgs bosons are computed with FeynHiggs [79{84] for all scenarios, with the exception
of the hMSSM. In the case of the hMSSM scenario, Higgs masses and branching fractions
are computed using HDecay [85, 86]. Branching fractions for all other scenarios use a
combination of results calculated by HDecay, FeynHiggs and PROPHECY4f [87, 88].
The Z 0 signal events are modelled with a LO Z= sample that is reweighted with the
TauSpinner algorithm [89{91], which correctly accounts for spin eects in the  -lepton
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decays. The Z= sample, enriched in events with high invariant mass, was generated with
Pythia 8.165 [92, 93] using the NNPDF2.3LO PDF set and the A14 tune for the parton-
shower and underlying-event parameters. Interference between the Z 0 and the SM Z=
production is not included, as it is highly model dependent. Higher-order QCD corrections
are applied to the simulated event samples. These corrections to the event yields are made
with a mass-dependent rescaling to NNLO in the QCD coupling constant, as calculated
with VRAP 0.9 [94] and the CT14NNLO PDF set. Electroweak corrections are not applied
to the Z 0 signal samples due to the large model dependence.
The multijet background in both channels is estimated using data, while non-multijet
backgrounds in which a quark- or gluon-initiated jet is misidentied as a hadronic tau
decay (predominantly W+ jets and tt) are modelled using data in the lephad channel and
simulation with data-driven corrections in the hadhad channel, as described in section 6.
The remaining background contributions arise from Z=+jets, W+ jets, tt, single top-
quark and diboson (WW , WZ and ZZ) production. These contributions are estimated
using the simulated event samples described below.
Events containing Z=+jets were generated with Powheg-Box v2 [95] interfaced to
the Pythia 8.186 parton shower model. The CT10 PDF set was used in the matrix element.
The AZNLO tune was used, with PDF set CTEQ6L1, for the modelling of non-perturbative
eects. Photon emission from electroweak vertices and charged leptons was performed with
Photos++ 3.52 [96]. The same setup was used to simulate W+ jets events for background
subtraction in the control regions of the lephad channel. The Z=
+jets samples were
simulated in slices with dierent masses of the o-shell boson. The event yields are cor-
rected with a mass-dependent rescaling at NNLO in the QCD coupling constant, computed
with VRAP 0.9 and the CT14NNLO PDF set. Mass-dependent electroweak corrections are
computed at NLO with Mcsanc 1.20 [97], and these include photon-induced contributions
( ! `` via t- and u-channel processes) computed with the MRST2004QED PDF set [98].
The modelling of the W+ jets process in the case of the hadhad channel was done
with the Sherpa 2.2.0 [99] event generator. Matrix elements were calculated for up to two
partons at NLO and four partons at LO using Comix [100] and OpenLoops [101] merged
with the Sherpa parton shower [102] using the ME+PS@NLO prescription [103]. The
CT10nlo PDF set was used in conjunction with dedicated parton shower tuning developed
by the Sherpa authors. The W+ jets production is normalised to the NNLO cross sections
with FEWZ [94, 104, 105].
For the generation of tt or a single top quark in the Wt-channel and s-channel, the
Powheg-Box v2 event generator was used with the CT10 PDF set in the matrix ele-
ment calculation. Electroweak t-channel single-top-quark events were generated with the
Powheg-Box v1 event generator. This event generator uses the four-avour scheme for
the NLO matrix elements calculations together with the xed four-avour PDF set CT10f4.
For all top processes, top-quark spin correlations were preserved (for t-channel, top quarks
were decayed with MadSpin [106]). The parton shower, hadronisation, and the under-
lying event were simulated using Pythia 6.428 with the CTEQ6L1 PDF sets and the
corresponding Perugia 2012 tune [107]. The top mass was set to 172.5 GeV. The tt pro-
duction sample is normalised to the predicted production cross section as calculated with
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the Top++2.0 program to NNLO in perturbative QCD, including soft-gluon resumma-
tion to next-to-next-to-leading-log (NNLL) order (ref. [108] and references therein). For
the single-top-quark event samples, an approximate calculation at NLO in QCD for the s-
channel and t-channel [109, 110] and an NLO+NNLL calculation for the Wt-channel [111]
are used for the normalisation.
Diboson processes were modelled using the Sherpa 2.1.1 event generator and they
were calculated for up to one (ZZ) or no (WW , WZ) additional partons at NLO and up
to three additional partons at LO using Comix and OpenLoops merged with the Sherpa
parton shower using the ME+PS@NLO prescription. The CT10 PDF set was used in con-
junction with dedicated parton shower tuning developed by the Sherpa authors. The event
generator cross sections are used in this case (already at NLO). In addition, the Sherpa
diboson sample cross section was scaled down to account for its use of QED = 1/129 rather
than 1/132 corresponding to the use of current PDG parameters as input to the G scheme.
Properties of the bottom and charm hadron decays were set with the EvtGen v1.2.0
program [112] in samples that were not produced with Sherpa. Simulated minimum-bias
events were overlaid on all simulated samples to include the eect of multiple proton-
proton interactions in the same and neighbouring bunch crossings (\pile-up"). These
minimum-bias events were generated with Pythia 8.186, using the A2 tune [113] and the
MSTW2008LO PDF [114]. Each sample was simulated using the full Geant 4 [115, 116]
simulation of the ATLAS detector, with the exception of the b-associated MSSM Higgs
boson signal, for which the AtlfastII [117] fast simulation framework was used. Finally,
the simulated events are processed through the same reconstruction software as the data.
4 Event reconstruction
Electron candidates are reconstructed from energy deposits in the electromagnetic calorime-
ter associated with a charged-particle track measured in the inner detector [118{120]. The
electron candidates are required to pass a \loose" likelihood-based identication selection,
to have a transverse momentum pT > 15 GeV and to be in the ducial volume of the inner
detector, jj < 2:47. The transition region between the barrel and endcap calorimeters
(1:37 < jj < 1:52) is excluded.
Muon candidates are reconstructed in the range jj < 2:5 by matching tracks found in
the muon spectrometer to tracks found in the inner detector [121]. The tracks of the muon
candidates are re-tted using the complete track information from both detector systems.
They are required to have a transverse momentum pT > 7 GeV and to pass a \loose" muon
identication requirement.
The selected lepton (electron or muon) in the lephad channel must then have
pT > 30 GeV and pass a \medium" identication requirement. This lepton is consid-
ered isolated if it meets pT- and -dependent isolation criteria utilising calorimetric and
tracking information. The criteria correspond to an eciency of 90% (99%) for a trans-
verse momentum of pT = 25 (60) GeV. The eciency increases with lepton pT as the
requirements are relaxed to account for the decreased background from misidentied jets.
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Jets are reconstructed from topological clusters of energy depositions [122] in the
calorimeter using the anti-kt algorithm [123, 124], with a radius parameter value R = 0:4.
The average energy contribution from pile-up is subtracted according to the jet area and
the jets are calibrated as described in ref. [125]. They are required to have pT > 20 GeV
and jj < 2:5. To reduce the eect of pile-up, a jet vertex tagger algorithm is used for jets
with pT < 60 GeV and jj < 2:4. It employs a multivariate technique based on jet energy,
vertexing and tracking variables to determine the likelihood that the jet originates from
or is heavily contaminated by pile-up [126]. In order to identify jets containing b-hadrons
(b-jets), a multivariate algorithm is used, which is based on the presence of tracks with
a large impact parameter with respect to the primary vertex, the presence of displaced
secondary vertices and the reconstructed ight paths of b- and c-hadrons associated with
the jet [127, 128]. The algorithm has an average eciency of 70% for b-jets and rejections
of approximately 13, 56 and 380 for c-jets, hadronic tau decays and jets initiated by light
quarks or gluons, respectively, as determined in simulated tt events.
Hadronic tau decays are composed of a neutrino and a set of visible decay products
(had-vis), typically one or three charged pions and up to two neutral pions. The reconstruc-
tion of the visible decay products is seeded by jets [129]. The had-vis candidates must have
pT > 25 (45) GeV in the lephad (hadhad) channel, jj < 2:5 excluding 1:37 < jj < 1:52,
one or three associated tracks and an electric charge of 1. The leading-pT had-vis can-
didate in the lephad channel and the two leading-pT had-vis candidates in the hadhad
channel are then selected and all remaining candidates are considered as jets. A Boosted
Decision Tree (BDT) identication procedure, based on calorimetric shower shapes and
tracking information is used to reject backgrounds from jets [130, 131]. Two had-vis iden-
tication criteria are used: \loose" and \medium", specied in section 5. The criteria
correspond to eciencies of about 60% (50%) and 55% (40%) in Z= !  events and re-
jections of about 30 (30) and 50 (100) in multijet events, for one-track (three-track) had-vis
candidates, respectively. An additional dedicated likelihood-based veto is used to reduce
the number of electrons misidentied as had-vis in the lephad channel, providing 95% ef-
ciency and a background rejection between 20 and 200, depending on the pseudorapidity
of the had-vis candidate.
Geometrically overlapping objects are removed in the following order: (a) jets within
R = 0:2 of selected had-vis candidates are excluded, (b) jets within R = 0:4 of an
electron or muon are excluded, (c) any had-vis candidate within R = 0:2 of an electron
or muon is excluded, (d) electrons within R = 0.2 of a muon are excluded.
The missing transverse momentum, EmissT , is calculated as the negative vectorial sum of
the pT of all fully reconstructed and calibrated physics objects [132, 133]. This procedure
includes a \soft term", which is calculated using the inner-detector tracks that originate
from the hard-scattering vertex but are not associated with reconstructed objects.
5 Event selection
5.1 hadhad channel
Events in the hadhad channel are recorded using single-tau triggers with pT thresholds of
80, 125 or 160 GeV, depending on the data-taking period. Events must contain at least two
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had-vis candidates with pT > 65 GeV and no electrons or muons. The leading-pT had-vis
candidate must be geometrically matched to the trigger signature and must exceed the trig-
ger pT threshold by 5 GeV. The leading and sub-leading had-vis candidates must satisfy the
\medium" and \loose" identication criteria, respectively. They must also have opposite
electric charge and be back to back in the transverse plane: j(p1T ;p2T )j > 2:7 rad, as tau
leptons from the decay of heavy neutral resonances are typically produced back to back in
the transverse plane. The signal acceptance times eciency for this selection (calculated
with respect to all possible ditau nal states) varies between 1% and 7% for signals with
masses of 0.35 TeV or higher. The maximum occurs for signals with masses of around
0.9 TeV, degradations occur at lower masses due to the had-vis pT thresholds and at higher
masses due to the had-vis reconstruction and identication eciencies. A summary of the
selection is given in table 1 of section 6.
5.2 lephad channel
Events in the lephad channel are recorded using single-electron and single-muon trig-
gers with pT thresholds ranging from 20 to 140 GeV and various isolation criteria. The
events must contain at least one had-vis candidate passing the medium identication, ex-
actly one isolated lepton (from here on referred to as `) that is geometrically matched
to the trigger signature (implying jj < 2:4 in the had channel), and no additional
reconstructed leptons. The identied had-vis candidate must have jj < 2:3 to reduce
background from misidentied electrons. The isolated lepton and identied had-vis can-
didate must have opposite electric charge and be back to back in the transverse plane:
j(p`T;phad-visT )j > 2:4 rad. To reduce background from W+ jets production, the trans-
verse mass of the isolated lepton and the missing transverse momentum,
mT(p
`
T;E
miss
T ) 
q
2p`TE
miss
T

1  cos (p`T;EmissT )

;
must be less than 40 GeV. To reduce background from Z ! ee production in the ehad
channel, events where the isolated lepton and identied had-vis candidate have an invariant
mass between 80 and 110 GeV are rejected. The signal acceptance times eciency for this
selection also varies between 1% and 7%, but the maximum occurs at lower masses due to
the lower pT thresholds on the tau decay products. A summary of the selection is given in
table 2 of section 6.
5.3 Event categories
Events satisfying the selection criteria in the lephad and hadhad channels are categorised
to exploit the dierent production modes in the MSSM. Events containing at least one
b-tagged jet enter the b-tag category, while events containing no b-tagged jets enter the
b-veto category. The categorisation is not used for the Z 0 search.
5.4 Ditau mass reconstruction
The ditau mass reconstruction is important for achieving good separation between signal
and background. However, ditau mass reconstruction is challenging due to the presence of
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neutrinos from the  -lepton decays. Therefore, the mass reconstruction used for both the
hadhad and lephad channels is the total transverse mass, dened as:
mtotT 
q
(p1T + p
2
T + E
miss
T )
2   (p1T + p2T + EmissT )2 ;
where p1T and p
2
T are the momenta of the visible tau decay products (including had and
lep) projected into the transverse plane. More complex mass reconstruction techniques
were investigated, but they did not improve the expected sensitivity.
6 Background estimation
The dominant background contribution in the hadhad channel is from multijet produc-
tion, which is estimated using a data-driven technique, described in section 6.1. Other
important background contributions come from Z= !  production at high mtotT in the
b-veto category, tt production in the b-tag category, and to a lesser extent W (! `)+jets,
single top-quark, diboson and Z=(! ``)+jets production. These contributions are esti-
mated using simulation. Corrections are applied to the simulation to account for mismod-
elling of the trigger, reconstruction, identication and isolation eciencies, the electron to
had-vis misidentication rate and the momentum scales and resolutions. To further im-
prove the modelling in the hadhad channel, events in the simulation that contain quark-
or gluon-initiated jets (henceforth called jets) that are misidentied as had-vis candidates
are weighted by fake-rates measured in W+ jets and tt control regions in data.
The dominant background contribution in the lephad channel arises from processes
where the had-vis candidate originates from a jet. This contribution is estimated using
a data-driven technique similar to the hadhad channel, described in section 6.2. The
events are divided into those where the selected lepton is correctly identied, predominantly
from W+ jets (tt) production in the b-veto (b-tag) channel, and those where the selected
lepton arises from a jet, predominantly from multijet production. Backgrounds where both
the had-vis and lepton candidates originate from electrons, muons or taus (real-lepton)
arise from Z= !  production in the b-veto category and tt production in the b-
tag category, with minor contributions from Z= ! ``, diboson and single top-quark
production. These contributions are estimated using simulation. To help constrain the
normalisation of the tt contribution, a control region rich in tt events (CR-T) is dened
and included in the statistical tting procedure. The other major background contributions
can be adequately constrained in the signal regions. Events in this control region must pass
the signal selection for the b-tag category, but the mT(p
`
T;E
miss
T ) selection is replaced by
mT(p
`
T;E
miss
T ) > 110 (100) GeV in the ehad (had) channel. The tighter selection in the
ehad channel is used to help suppress the larger multijet contamination. The region has
90% tt purity.
6.1 Jet background estimate in the hadhad channel
The data-driven technique used to estimate the dominant multijet background in the
hadhad channel is described in section 6.1.1. The method used to weight simulated events
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Region Selection
SR 1 (trigger, medium), 2 (loose), q(1) q(2) < 0, j(p1T ;p2T )j > 2:7
CR-1 Pass SR except: 2 (fail loose)
DJ-FR jet trigger, 1+2 (no identication), q(1) q(2) < 0, j(p1T ;p2T )j > 2:7, p2T =p1T > 0:3
W-FR  (trigger, isolated), 1 (no identication), j(pT;p1T )j > 2:4, mT(pT;EmissT ) > 40 GeV
b-veto category only
T-FR Pass W-FR except: b-tag category only
Table 1. Denition of signal, control and fakes regions used in the hadhad channel. The symbol
1 (2) represents the leading (sub-leading) had-vis candidate.
to estimate the remaining background containing events with had-vis candidates that orig-
inate from jets is described in section 6.1.2. A summary of the signal, control and fakes
regions used in these methods is provided in table 1. The associated uncertainties are
discussed in section 7.2.
6.1.1 Multijet events
The contribution of multijet events in the signal region (SR) of the hadhad channel is
estimated using events in two control regions (CR-1 and DJ-FR). Events in CR-1 must
pass the same selection as SR, but the sub-leading had-vis candidate must fail had-vis
identication. The non-multijet contamination in this region, NCR 1non MJ, amounts to 1:6%
(7:0%) in the b-veto (b-tag) channel, and is subtracted using simulation. Events in DJ-FR
(the dijet fakes-region) are used to measure fake-factors (fDJ), which are dened as the
ratio of the number of had-vis that pass to those that fail the identication. The fake-factors
are used to weight the events in CR-1 to estimate the multijet contribution:
NSRmultijet = fDJ 

NCR 1data  NCR 1non MJ

:
The selection for the DJ-FR is designed to be as similar to the signal selection as pos-
sible, while avoiding contamination from had-vis. Events are selected by single-jet triggers
with pT thresholds ranging from 60 to 380 GeV, with all but the highest-threshold trigger
being prescaled. They must contain at least two had-vis candidates, where the leading can-
didate has pT > 85 GeV and also exceeds the trigger threshold by 10%, and the sub-leading
candidate has pT > 65 GeV. The had-vis candidates must have opposite charge sign, be
back to back in the transverse plane, j(p1T ;p2T )j > 2:7 rad and the pT of the sub-leading
had-vis must be at least 30% of the leading had-vis pT. The fake-factors are measured us-
ing the sub-leading had-vis candidate to avoid trigger bias and to be consistent with their
application in CR-1. They are parameterised as functions of the sub-leading had-vis pT
and the sub-leading had-vis track multiplicity. The purity of multijet events that pass the
had-vis identication is 98{99% (93{98%) for the b-veto (b-tag) categories. The non-multijet
contamination is subtracted using simulation. The fake-factors are shown in gure 2.
6.1.2 Non-multijet events
In the hadhad channel, backgrounds originating from jets that are misidentied as had-vis
in processes other than multijet production (predominantly W+ jets in the b-veto and tt
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Figure 2. The had-vis identication fake-factors in the hadhad channel. The red band indicates
the total uncertainty when used with a b-inclusive or b-veto selection. The blue band indicates the
additional uncertainty when used with a b-tag selection.
in the b-tag categories) are estimated using simulation. Rather than applying the had-vis
identication to the simulated jets, they are weighted by fake-rates as in ref. [41]. This
not only ensures the correct fake-rate, but also enhances the statistical precision of the
estimate, as events failing the had-vis identication are not discarded. The fake-rate for the
sub-leading had-vis candidate is dened as the ratio of the number of candidates that pass
the identication to the total number of candidates. The fake-rate for the leading had-vis
candidate is dened as the ratio of the number of candidates that pass the identication
and the single-tau trigger requirement to the total number of candidates.
The fake-rates applied to tt and single-top-quark events are calculated from a fakes
region enriched in tt events (T-FR), while the fake-rates for all other processes are cal-
culated in a fakes region enriched in W+ jets events (W-FR). Both T-FR and W-FR use
events selected by a single-muon trigger with a pT threshold of 50 GeV. They must con-
tain exactly one isolated muon with pT > 55 GeV that red the trigger, no electrons
and at least one had-vis candidate with pT > 50 GeV. The events must also satisfy
j(pT;phad-visT )j > 2:4 rad and mT(pT;EmissT ) > 40 GeV. The events are then categorised
into b-tag and b-veto categories, dening T-FR and W-FR, respectively. Backgrounds from
non-tt (non-W+ jets) processes are subtracted from T-FR (W-FR) using simulation. The
fake-rates are measured using the leading-pT had-vis candidate and are parameterised as
functions of the had-vis pT and track multiplicity.
6.2 Jet background estimate in the lephad channel
The background contribution from events where the had-vis candidate originates from a jet
in the lephad channel is estimated using a data-driven method, which is similar to the one
used to estimate the multijet contribution in the hadhad channel. Events in the control
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Figure 3. Schematic of the fake-factor background estimation in the lephad channel. The
fake-factors, fX (X = MJ, W, L), are dened as the ratio of events in data that pass/fail
the specied selection requirements, measured in the fakes-regions: MJ-FR, W-FR and L-FR,
respectively. The multijet contribution is estimated by weighting events in CR-2 by the product of
fL and fMJ. The contribution from W+ jets and tt events where the had-vis candidate originates
from a jet is estimated by subtracting the multijet contribution from CR-1 and then weighting
by fW. There is a small overlap of events between L-FR and the CR-1 and CR-2 regions. The
contribution where both the selected had-vis and lepton originate from leptons is estimated using
simulation (not shown here).
region CR-1 must pass the same selection as the lephad SR, but the had-vis candidate must
fail had-vis identication. These events are weighted to estimate the jet background in SR,
but the weighting method must be extended to account for the fact that CR-1 contains
both multijet and W+ jets (or tt) events, which have signicantly dierent fake-factors.
This is mainly due to a dierent fraction of quark-initiated jets, which are typically more
narrow and produce fewer hadrons than gluon-initiated jets, and are thus more likely to
pass the had-vis identication. The procedure, depicted in gure 3, is described in the
following. A summary of the corresponding signal, control and fakes regions is provided in
table 2. The associated uncertainties are discussed in section 7.2.
6.2.1 Multijet events
The multijet contributions in both CR-1 (NCR 1multijet) and SR (N
SR
multijet) are estimated from
events where the had-vis fails identication and the selected lepton fails isolation (CR-2).
The non-multijet background is subtracted using simulation and the events are weighted
rst by the lepton-isolation fake-factor (fL), yielding N
CR 1
multijet, and then by the multijet
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Region Selection
SR ` (trigger, isolated), 1 (medium), q(`) q(1) < 0, j(p`T;p1T )j > 2:4,
mT(p
`
T;E
miss
T ) < 40 GeV, veto 80 < m(p
`;p1) < 110 GeV (ehad channel only)
CR-1 Pass SR except: 1 (very-loose, fail medium)
CR-2 Pass SR except: 1 (very-loose, fail medium), ` (fail isolation)
MJ-FR Pass SR except: 1 (very-loose), ` (fail isolation)
W-FR Pass SR except: 70 (60)< mT(p
`
T;E
miss
T ) < 150 GeV in ehad (had) channel
CR-T Pass SR except: mT(p
`
T;E
miss
T ) > 110 (100) GeV in the ehad (had) channel,
b-tag category only
L-FR ` (trigger, selected), jet (selected), no loose had-vis, mT(p
`
T;E
miss
T ) < 30 GeV
Table 2. Denition of signal, control and fakes regions used in the lephad channel. The symbol `
represents the selected electron or muon candidate and 1 represents the leading had-vis candidate.
tau fake-factor (fMJ):
NCR 1multijet = fL 

NCR 2data  NCR 2non MJ

;
NSRmultijet = fMJ NCR 1multijet :
The fake-factor fMJ is measured in the multijet fakes-region (MJ-FR) dened in sec-
tion 6.2.3 and the fake-factor fL is measured in the lepton fakes-region (L-FR) dened
in section 6.2.4.
6.2.2 Non-multijet events
The contribution from W+ jets (and tt) events where the had-vis candidate originates from a
jet is estimated from events in CR-1 that remain after subtracting the multijet contribution
and the real-lepton contribution (estimated using simulation). The events are weighted by
the W+ jets tau fake-factor (fW):
NSRW+jets = fW 

NCR 1data  NCR 1multijet  NCR 1real lepton

:
The fake-factor fW is measured in the W+ jets fakes-region (W-FR) dened in section 6.2.3.
6.2.3 Tau identication fake-factors
Both fW and fMJ are parameterised as functions of had-vis pT, had-vis track multiplicity
and j(phad-visT ;EmissT )j. The j(phad-visT ;EmissT )j dependence is included to encapsulate
correlations between the had-vis identication and energy response, which impact the E
miss
T
calculation. Due to the limited size of the control regions, the j(phad-visT ;EmissT )j depen-
dence is extracted as a sequential correction and is only applied in the b-veto channel.
The selection for W-FR and MJ-FR are the same as for SR with modications described
in the following. The medium had-vis identication criterion is replaced by a very loose
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Figure 4. The had-vis identication fake-factors and the sequential j(phad-visT ;EmissT )j correction
in the lephad channel. The multijet fake-factors are for the 2016 dataset only. The bands include
all uncertainties.
criterion with an eciency of about 99% for had-vis and a rejection of about 2 (3) for
one-track (three-track) jets. Events passing the medium identication criterion enter the
fake-factor numerators, while those failing enter the denominators. The very loose identi-
cation reduces dierences between fW and fMJ, as it tends to reject gluon-initiated jets,
enhancing the fraction of quark-initiated jets in W-FR and MJ-FR. This selection is also
applied consistently to CR-1. A comparison of the two fake-factors and their respective
j(phad-visT ;EmissT )j corrections are shown in gures 4(a) and 4(b).
In MJ-FR, the selected lepton must fail isolation. The multijet purity for events that
pass the had-vis identication in this region is 88% for the b-veto category and 93%
for the b-tag category. All non-multijet contamination is subtracted from MJ-FR using
simulation. The fake-factor fMJ is further split by category (b-veto, b-tag) and by data-
taking period (2015, 2016) to account for changing isolation criteria in the trigger that
aect MJ-FR dierently to SR.
In the W-FR, the mT(p
`
T;E
miss
T ) criterion is replaced by 70(60) < mT(p
`
T;E
miss
T ) <
150 GeV in the ehad (had) channel. The purity of W+ jets events that pass the had-vis
identication is 85% in the b-veto category. The b-tag category is dominated by tt events,
but the purity of events where the had-vis candidate originates from a jet is only 40% due
to the signicant fraction of had-vis from W boson decays. The multijet and real-lepton
backgrounds are subtracted from W-FR analogously to CR-1 in the W+ jets estimate. Due
to the large had-vis contamination in the b-tag region, fW is not split by category, but the
b-veto parameterisation is used in the b-tag region, with a pT-independent correction factor
of 0.8 (0.66) for one-track (three-track) had-vis. The correction factor is obtained from a
direct measurement of the fake-factors in b-tag events.
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6.2.4 Lepton isolation fake-factor
The fake-factor fL is measured in L-FR, which must have exactly one selected lepton,
mT(p
`
T;E
miss
T ) < 30 GeV and no had-vis candidates passing the loose identication but
rather at least one selected jet (not counting the b-tagged jet in the b-tag region). The
selection is designed to purify multijet events while suppressing W+ jets and tt events.
Events where the selected lepton passes (fails) isolation enter the fL numerator (denom-
inator). All non-multijet contributions are subtracted using simulation. The fake-factors
are parameterised as a function of lepton jj, and are further split by lepton type (electron,
muon), category (b-veto, b-tag) and into two regions of muon pT, due to dierences in the
isolation criteria of the low- and high-pT triggers in the had channel.
7 Systematic uncertainties
Uncertainties aecting the simulated signal and background contributions are discussed in
section 7.1. These include uncertainties associated with the determination of the integrated
luminosity, the detector simulation, the theoretical cross sections and the modelling from
the event generators. Uncertainties associated with the data-driven background estimates
are discussed in section 7.2.
7.1 Uncertainties in simulation estimates
The uncertainty in the combined 2015+2016 integrated luminosity is 3.2%, which aects
all simulated samples. It is derived, following a methodology similar to that detailed in
ref. [134], from a preliminary calibration of the luminosity scale using x{y beam-separation
scans performed in August 2015 and May 2016. The uncertainty related to the overlay of
pile-up events is estimated by varying the average number of interactions per bunch crossing
by 9%. The uncertainties related to the detector simulation manifest themselves through
the eciency of the reconstruction, identication and triggering algorithms, and the energy
scale and resolution for electrons, muons, had-vis, (b-)jets and the E
miss
T soft term. These
uncertainties are considered for all simulated samples; their impact is taken into account
when estimating signal and background contributions and when subtracting contamination
from regions in the data-driven estimates. The eects of the particle energy-scale uncer-
tainties are propagated to EmissT . The uncertainty in the had-vis identication eciency as
determined from measurements of Z !  events is 5{6%. At high pT, there are no abun-
dant sources of real hadronic tau decays from which an eciency measurement could be
made. Rather, the tau identication is studied in high-pT dijet events as a function of the
jet pT, which indicates that there is no degradation in the modelling of the detector response
as a function of the pT of tau candidates. Based on the limited precision of these studies,
an additional uncertainty of 20%/TeV (25%/TeV) for one-track (three-track) had-vis can-
didates with pT > 150 GeV is assigned. The had-vis trigger eciency uncertainty is 3{14%.
The uncertainty in the had-vis energy scale is 2{3%. The probability for electrons to be
misidentied as had-vis is measured with a precision of 3{14% [131]. The electron, muon, jet
and EmissT systematic uncertainties described above are found to have a very small impact.
{ 16 {
J
H
E
P
0
1
(
2
0
1
8
)
0
5
5
Theoretical cross-section uncertainties are taken into account for all backgrounds esti-
mated using simulation. For Z=+jets production, uncertainties are taken from ref. [135]
and include variations of the PDF sets, scale, S, beam energy, electroweak corrections
and photon-induced corrections. A single 90% CL eigenvector variation uncertainty is
used, based on the CT14nnlo PDF set. The variations amount to a 5% uncertainty in
the total number of Z=+jets events within the acceptance. For diboson production, an
uncertainty of 10% is used [99, 136]. For tt [108] and single top-quark [109, 110] produc-
tion, the assigned 6% uncertainty is based on PDF, scale and top-quark mass variations.
Additional uncertainties related to initial- and nal-state radiation modelling, tune and
(for tt only) the choice of hdamp parameter value in Powheg-Box v2, which controls the
amount of radiation produced by the parton shower, are also taken into account [137]. The
uncertainty due to the hadronisation model is evaluated by comparing tt events generated
with Powheg-Box v2 interfaced to either Herwig++ [138] or Pythia 6. To estimate
the uncertainty in generating the hard scatter, the Powheg and MG5 aMC@NLO event
generators are compared, both interfaced to the Herwig++ parton shower model. The
uncertainties in the W+ jets cross section have a negligible impact in the hadhad channel
and the W+ jets simulation is not used in the lephad channel.
For MSSM Higgs boson samples, various sources of uncertainty which impact the
signal acceptance are considered. The impact from varying the factorisation and renor-
malisation scales up and down by a factor of two, either coherently or oppositely, is
taken into account. Uncertainties due to the modelling of initial- and nal-state radi-
ation, as well as multiple parton interaction are also taken into account. These uncer-
tainties are estimated from variations of the Pythia 8 A14 tune [57] for the b-associated
production and the AZNLO Pythia 8 tune [56] for the gluon-gluon fusion production.
The envelope of the variations resulting from the use of the alternative PDFs in the
PDF4LHC15 nlo nf4 30 (PDF4LHC15 nlo 100) [139] set is used to estimate the PDF un-
certainty for the b-associated (gluon-gluon fusion) production. The total uncertainty for
the MSSM Higgs boson samples is typically 1{4%, which is dominated by variations of the
radiation and multiple parton interactions, with minor impact from scale variations. The
Z 0 signal acceptance uncertainties are expected to be negligible.
For both the MSSM Higgs boson and Z 0 samples, uncertainties in the integrated cross
section are not included in the tting procedure used to extract experimental cross-section
limits. The uncertainty for Z 0 is included when overlaying model cross sections, in which
case it is calculated using the same procedure as for the Z=+jets background.
7.2 Uncertainties in data-driven estimates
Uncertainties in the multijet estimate for the hadhad channel (section 6.1.1) arise from the
fake-factors fDJ. These include a 10{50% uncertainty from the limited size of the DJ-FR
and an uncertainty of up to 50% from the subtraction of the non-multijet contamination.
An additional uncertainty is considered when applying the fake-factors in the b-tag category,
which accounts for changes in the jet composition with respect to the inclusive selection of
the DJ-FR. As the dierences are extracted from comparisons in control regions, they are
one-sided.
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The uncertainty in the fake-rates used to weight simulated non-multijet events in the
hadhad channel (section 6.1.2) is dominated by the limited size of the fakes regions and
can reach 40%.
Uncertainties in the multijet estimate for the lephad channel (section 6.2.1) arise
from the fake-factors fMJ and fL. The applicability of fMJ measured in MJ-FR to CR-1
is investigated by studying fMJ as a function of the lepton isolation and the observed
dierences are assigned as a systematic uncertainty. The statistical uncertainty from the
limited size of MJ-FR is signicant, particularly for the smaller 2015 dataset. The impact
of a potential mismodelling in the subtraction of simulated non-multijet events containing
non-isolated leptons is investigated by varying the subtraction by 50%, but is found to
be small compared to the other sources of systematic uncertainty. A constant uncertainty
of 20% in fMJ is used to envelop these variations. A 50% uncertainty is assigned to the
sequential j(phad-visT ;EmissT )j correction.
The applicability of fL measured in L-FR to events in MJ-FR is investigated by alter-
ing the mT(p
`
T;E
miss
T ) selection and the observed dierences are assigned as a systematic
uncertainty. A 20% uncertainty in the background subtraction in L-FR is considered,
motivated by observations of the tau identication performance in W+ jets events. The
statistical uncertainty from the limited size of L-FR is also considered, but is relatively
small. The total uncertainty in fL is 5{50%.
Uncertainties in the data-driven W+ jets and tt estimates for the lephad channel (sec-
tion 6.2.2) arise from the fake-factors fW and the subtraction of contributions from CR-1.
The applicability of fW measured in W-FR to CR-1 is investigated by studying fW as a
function of mT(p
`
T;E
miss
T ) and the observed dierences (up to 10%) are assigned as a sys-
tematic uncertainty. A 30% uncertainty is assigned to the sequential j(phad-visT ;EmissT )j
correction, based on variations observed as a function of had-vis pT. Due to the large
contamination for b-tag events in W-FR, a 50% uncertainty is assigned to the correction
factor applied to the b-veto parameterisation. The subtraction of the simulated samples
in CR-1 is aected by experimental uncertainties and uncertainties in production cross
sections, which amount to 10%. The total uncertainty in the multijet estimate in CR-1 is
also propagated to the subtraction.
8 Results
The number of observed events in the signal regions of the lephad and hadhad channels
together with the predicted event yields from signal and background processes are shown in
table 3. In the lephad channel, all events estimated using the data-driven fake-factor tech-
nique are grouped as Jet!  fake, while events where the had-vis originates from a jet are
removed from the other processes. In the hadhad channel, the multijet process is estimated
using the fake-factor technique while contributions from all other processes are estimated
using simulation with data-driven corrections for the had-vis candidates that originate from
jets. The numbers are given before (pre-t) and after (post-t) applying the statistical t-
ting procedure described in section 8.1. The observed event yields are compatible with the
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b-veto b-tag
Channel Process pre-t post-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lephad Z=
 !  92 000 11 000 96 400 1600 670 140 690 70
Diboson 880 100 920 70 6.3 1.7 6.5 1.4
tt and single top-quark 1050 170 1090 130 2800 400 2680 80
Jet!  fake 83 000 5000 88 800 1700 3000 400 3390 170
Z= ! `` 15 800 1200 16 200 700 86 21 89 16
SM Total 193 000 13 000 203 400 1200 6500 600 6850 120
Data 203 365 6843
A=H (300) 720 80 { 236 32 {
A=H (500) 112 11 { 39 5 {
A=H (800) 10.7 1.1 { 4.8 0.6 {
hadhad Multijet 3040 240 3040 90 106 32 85 10
Z= !  610 230 770 80 7.5 2.9 8.6 1.3
W (! )+jets 178 31 182 15 4.0 1.0 4.1 0.5
tt and single top-quark 26 9 29 4 60 50 74 15
Others 25 6 27.4 2.1 1.0 0.5 1.1 0.4
SM Total 3900 400 4050 70 180 60 173 16
Data 4059 154
A=H (300) 130 50 { 44 19 {
A=H (500) 80 33 { 28 12 {
A=H (800) 11 4 { 5.1 2.2 {
Table 3. Observed number of events and predictions of signal and background contributions in
the b-veto and b-tag categories of the lephad and hadhad channels. The background predictions
and uncertainties (including both the statistical and systematic components) are obtained before
(pre-t) and after (post-t) applying the statistical tting procedure discussed in section 8. The
individual uncertainties are correlated, and do not necessarily add in quadrature to the total back-
ground uncertainty. The label \Others" refers to contributions from diboson, Z=(! ``)+jets
and W (! `)+jets production. In the lephad channel, events containing a had-vis candidate that
originate from jets are removed from all processes other than Jet !  fake. The expected pre-t
contributions from A and H bosons with masses of 300, 500 and 800 GeV and tan  = 10 in the
hMSSM scenario are also shown.
expected event yields from SM processes, within uncertainties. The mtotT distributions in
the signal regions are shown in gures 5(a){5(d) and in the CR-T in gure 6.
8.1 Fit model
The parameter of interest is the signal strength, . It is dened as the ratio of the observed
to the predicted value of the cross section times branching fraction, where the prediction is
evaluated at a particular point in the parameter space of the theoretical model in question
(MSSM or Z 0 benchmark scenarios). Hence, the value  = 0 corresponds to the absence
of a signal, whereas the value  = 1 indicates the presence of a signal as predicted by the
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Figure 5. Distributions of mtotT for the (a) b-veto and (b) b-tag categories of the lephad channel
and the (c) b-veto and (d) b-tag categories of the hadhad channel. The label \Others" refers
to contributions from diboson, Z=(! ``)+jets and W (! `)+jets production. In the lephad
channel, events containing had-vis candidates that originate from jets are removed from all processes
other than Jet!  fake. The binning displayed is that entering into the statistical t discussed in
section 8, with minor modications needed to combine the lephad channels and with underows
and overows included in the rst and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the t under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800 GeV and tan  = 10 in
the hMSSM scenario are superimposed. The signicance of the data given the tted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The
expected signicance of the hypothetical Higgs boson signals are also overlaid.
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Figure 6. Distribution of mtotT in the tt enriched control region (CR-T) of the lephad channel.
Events containing had-vis candidates that originate from jets are removed from all processes other
than Jet !  fake. The binning displayed is that entering into the statistical t discussed in
section 8, with minor modications needed to combine the lephad channels and with underows
and overows included in the rst and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the t under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800 GeV and tan  = 10 in
the hMSSM scenario are superimposed. The signicance of the data given the tted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panel. The
expected signicance of the hypothetical Higgs boson signals are also overlaid.
model. To estimate , a likelihood function constructed as the product of Poisson probabil-
ity terms is used. A term is included for each bin in the mtotT distributions from the ehad,
had and hadhad channels. When tting MSSM models to the data, the distributions are
separated into b-tag and b-veto events to enhance sensitivity to the gluon-gluon fusion and
b-associated production modes, while the inclusive distributions are used for Z 0 models. In
all cases, the distributions in the CR-T regions of the ehad and had channels are added,
which help constrain uncertainties in the tt background. Signal and background predictions
depend on systematic uncertainties, which are parameterised as nuisance parameters that
are constrained using Gaussian probability density functions. The asymptotic approxima-
tion is used with the test statistic ~q [141] to compare the likelihoods of the null hypothesis
(SM only) and the assumed signal hypothesis (SM plus signal) given the data. The bin
widths are chosen to ensure a sucient number of background events in each bin. The re-
sults from the ehad, had and hadhad channels are combined to improve the sensitivity
to signal. For ditau resonance masses below about 0.6 TeV, the sensitivity is dominated by
the lephad channels, while the hadhad channel is most sensitive in the higher mass range.
8.2 Cross-section limits
The data are found to be in good agreement with the predicted background yields, and the
results are given in terms of exclusion limits. These are set using the modied frequentist
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CLs method [142]. Upper limits on the cross section times branching fraction for  and Z
0
bosons are set at the 95% condence level (CL) as a function of the boson mass. They are
obtained by multiplying the extracted limits on  by the respective predicted cross sections.
The  boson limits assume the natural width of the boson to be negligible compared to
the experimental resolution (as expected over the probed MSSM parameter space). They
cover the mass range 0.2{2.25 TeV and are shown separately for gluon-gluon fusion and
b-quark associated production. The limits on Z 0 bosons are calculated assuming an SSM
Z 0 and extend up to 4 TeV. The limits are shown in gures 7(a){7(c). They are in the
range 0.78{0.0058 pb (0.70{0.0037 pb) for gluon-gluon fusion (b-associated) production of
scalar bosons with masses of 0.2{2.25 TeV and 1.56{0.0072 pb for Drell-Yan production of
Z 0 bosons with masses of 0.2{4 TeV. A small downward uctuation at a mass of 0.3 TeV is
observed in all limits, while a small upward uctuation for gluon-gluon fusion and Z 0 bosons
is seen around 0.5 TeV and a broad decit is seen for the b-quark associated production
over the entire mass range. These features arise primarily because of a decit of events in
the range 200{250 GeV followed by a mild excess in the range 300{400 GeV in gure 5(c),
and by a consistent decit of events across the whole range in gure 5(d). Modications of
the Z 0 chiral coupling structure can result in changes of up to 40% in the Z 0 cross-section
limits. Reducing the Z 0 width can improve the limits by up to 30%, while increasing
the width to 36% can degrade the limits by up to 70%. Figures 8(a) and 8(b) show
the observed and expected 95% CL upper limits on the production cross section times
branching fraction for !  as a function of the fractional contribution from b-associated
production (bb=[bb + gg]) and the scalar boson mass.
The impact of systematic uncertainties on the  !  95% CL cross section upper
limits are calculated by comparing the expected upper limit in the case of no systematic
uncertainties, 95stat, with a limit calculated by introducing a group of systematic uncer-
tainties, 95i . The systematic uncertainty impacts are shown in gure 9(a) for gluon-gluon
fusion production and gure 9(b) for b-associated production as functions of the scalar
boson mass. The major uncertainties are grouped according to their origin, while minor
uncertainties are collected as \Others".
In the low mass range, the sensitivity is dominated by the lephad channel, and the
major uncertainties arise from the estimate of the dominant W+ jets background. Due
to the large contribution the t is able to signicantly constrain the uncertainties in this
background. In the intermediate mass range the tau energy scale uncertainty becomes
dominant. The t is able to eectively constrain this conservative uncertainty due to the
large contribution from Z= !  and tt in each of the categories. At very high masses, the
uncertainty in the identication eciency for high-pT had-vis candidates becomes dominant,
and due to the lack of signicant Z= !  and tt at high mass, this uncertainty remains
relatively unconstrained. The addition of the CR-T region distributions to the t allows
the uncertainties in the tt modelling to be well constrained and as such, they have little
impact on the sensitivity.
8.3 MSSM interpretations
The data are interpreted in terms of the MSSM. Figure 10 shows regions in the mA{
tan plane excluded at 95% CL in the mmod+h and hMSSM scenarios. In the MSSM
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Figure 7. The observed and expected 95% CL upper limits on the production cross section times
branching fraction for a scalar boson produced via (a) gluon-gluon fusion and (b) b-associated
production, and for (c) gauge bosons. The limits are calculated from a statistical combination of
the lephad and hadhad channels. The excluded regions from the 2015 data ATLAS search [29]
are depicted by the hatched blue ll. The predicted cross section for a Z 0SSM boson is overlaid in
(c), where the band depicts the total uncertainty.
{ 23 {
J
H
E
P
0
1
(
2
0
1
8
)
0
5
5
 [GeV]φm
500 1000 1500 2000
]
b
b
σ
 +
 
g
g
σ
 /
 [
b
b
σ
0
0.5
1
2−10
1−10
ATLAS
-1 = 13 TeV, 36.1 fbs  95% CL limitsττ → φ
Observed
) 
[p
b
]
τ
τ 
→ 
φ(
B 
× 
σ
0
.3
0
.1
0
.0
7
0
.0
3
0
.0
1
0
.0
0
7
(a) Observed.
 [GeV]φm
500 1000 1500 2000
]
b
b
σ
 +
 
g
g
σ
 /
 [
b
b
σ
0
0.5
1
2−10
1−10
ATLAS
-1 = 13 TeV, 36.1 fbs  95% CL limitsττ → φ
Expected
) 
[p
b
]
τ
τ 
→ 
φ(
B 
× 
σ
0
.3
0
.1
0
.0
7
0
.0
3
0
.0
1
0
.0
0
7
(b) Expected.
Figure 8. The (a) observed and (b) expected 95% CL upper limit on the production cross section
times branching fraction for  !  as a function of the fractional contribution from b-associated
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Figure 9. Impact of major groups of systematic uncertainties on the !  95% CL cross section
upper limits as a function of the scalar boson mass, separately for the (a) gluon-gluon fusion and
(b) b-associated production mechanisms.
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Figure 10. The observed and expected 95% CL upper limits on tan  as a function of mA in the
MSSM (a) mmod+h and (b) hMSSM scenarios. For the m
mod+
h scenario, dashed lines of constant mh
and mH are shown in red and blue, respectively. For the hMSSM scenario, the exclusion arising
from the SM Higgs boson coupling measurements of ref. [143] and the exclusion limit from the
ATLAS 2015 H=A!  search result of ref. [29] are shown.
mmod+h scenario, the observed (expected) 95% CL upper limits exclude tan  > 5:1 (7.0)
for mA = 0:25 TeV and tan  > 51 (57) for mA = 1:5 TeV. Constraints in the hMSSM
scenario are stronger due to the presence of low-mass neutralinos in the mmod+h scenario
that reduce the H=A!  branching fraction and which are absent in the hMSSM scenario.
In the hMSSM scenario, the most stringent observed (expected) constraints on tan  for
the combined search exclude tan  > 1:0 (5.5) for mA = 0:25 TeV and tan  > 42 (48) for
mA = 1:5 TeV at 95% CL. The expected exclusion limit and bands around mA = 350 GeV
reect the behaviour of the A !  branching fraction close to the A ! tt kinematic
threshold for low tan , allowing for some exclusion in this region. However, when mA is
above the A! tt production threshold, this additional decay mode reduces the sensitivity
of the A!  search for low tan .
8.4 Z0 interpretations
The data are also interpreted in terms of Z 0 models. As shown in gure 7(c), the observed
(expected) lower limit on the mass of a Z 0SSM boson is 2.42 (2.47) TeV at 95% CL. Limits
at 95% CL are also placed on Z 0NU bosons as a function of mZ0 and the mixing angle
between the heavy and light SU(2) gauge groups, , as shown in gure 11. Masses below
2.25{2.60 TeV are excluded in the range 0:03 < sin2  < 0:5 assuming no { mixing.
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9 Conclusion
A search for neutral Higgs bosons as predicted in the Minimal Supersymmetric Standard
Model and Z 0 bosons decaying to a pair of  -leptons is performed using a data sample from
proton-proton collisions at
p
s = 13 TeV recorded by the ATLAS detector at the LHC,
corresponding to an integrated luminosity of 36:1 fb 1. The ehad, had and hadhad
channels are analysed and no indication of an excess over the expected SM background is
found. Upper limits on the cross section for the production of scalar and Z 0 bosons times
the branching fraction to ditau nal states are set at 95% CL, signicantly increasing the
sensitivity and the explored mass range compared to previous searches. They are in the
range 0.78{0.0058 pb (0.70{0.0037 pb) for gluon-gluon fusion (b-associated) production of
scalar bosons with masses of 0.2{2.25 TeV and 1.56{0.0072 pb for Drell-Yan production of
Z 0 bosons with masses of 0.2{4 TeV. In the context of the hMSSM scenario, the most strin-
gent limits for the combined search exclude tan  > 1:0 for mA = 0:25 TeV and tan  > 42
formA = 1:5 TeV at 95% CL. In the context of the Sequential Standard Model, Z
0
SSM bosons
with masses less than 2.42 TeV are excluded at 95% CL, while mZ0NU < 2:25{2.60 TeV is
excluded in the range 0:03 < sin2  < 0:5 in the non-universal G(221) model.
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9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, The University of Texas at Austin, Austin TX, United States of America
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
13 Institut de Fsica d'Altes Energies (IFAE), The Barcelona Institute of Science and Technology,
Barcelona, Spain
14 Institute of Physics, University of Belgrade, Belgrade, Serbia
15 Department for Physics and Technology, University of Bergen, Bergen, Norway
16 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley
CA, United States of America
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17 Department of Physics, Humboldt University, Berlin, Germany
18 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics,
University of Bern, Bern, Switzerland
19 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
20 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics Engineering,
Gaziantep University, Gaziantep; (d) Istanbul Bilgi University, Faculty of Engineering and Natural
Sciences, Istanbul; (e) Bahcesehir University, Faculty of Engineering and Natural Sciences,
Istanbul, Turkey
21 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
22 (a) INFN Sezione di Bologna; (b) Dipartimento di Fisica e Astronomia, Universita di Bologna,
Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States of America
25 Department of Physics, Brandeis University, Waltham MA, United States of America
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits
Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao
Joao del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao
Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
28 (a) Transilvania University of Brasov, Brasov; (b) Horia Hulubei National Institute of Physics and
Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza University of
Iasi, Iasi; (d) National Institute for Research and Development of Isotopic and Molecular
Technologies, Physics Department, Cluj Napoca; (e) University Politehnica Bucharest, Bucharest;
(f) West University in Timisoara, Timisoara, Romania
29 Departamento de Fsica, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada
32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
34 (a) Departamento de Fsica, Ponticia Universidad Catolica de Chile, Santiago; (b) Departamento
de Fsica, Universidad Tecnica Federico Santa Mara, Valparaso, Chile
35 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Department of
Physics, Nanjing University, Jiangsu; (c) Physics Department, Tsinghua University, Beijing
100084; (d) University of Chinese Academy of Science (UCAS), Beijing, China
36 (a) Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics,
University of Science and Technology of China, Anhui; (b) School of Physics, Shandong University,
Shandong; (c) Department of Physics and Astronomy, Key Laboratory for Particle Physics,
Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for Particle Physics
and Cosmology, Shanghai Jiao Tong University, Tsung-Dao Lee Institute, China
37 Universite Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
38 Nevis Laboratory, Columbia University, Irvington NY, United States of America
39 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
40 (a) INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; (b) Dipartimento di
Fisica, Universita della Calabria, Rende, Italy
41 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science,
Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
42 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
43 Physics Department, Southern Methodist University, Dallas TX, United States of America
44 Physics Department, University of Texas at Dallas, Richardson TX, United States of America
45 DESY, Hamburg and Zeuthen, Germany
46 Lehrstuhl fur Experimentelle Physik IV, Technische Universitat Dortmund, Dortmund, Germany
47 Institut fur Kern- und Teilchenphysik, Technische Universitat Dresden, Dresden, Germany
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48 Department of Physics, Duke University, Durham NC, United States of America
49 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
50 INFN e Laboratori Nazionali di Frascati, Frascati, Italy
51 Fakultat fur Mathematik und Physik, Albert-Ludwigs-Universitat, Freiburg, Germany
52 Departement de Physique Nucleaire et Corpusculaire, Universite de Geneve, Geneva, Switzerland
53 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Universita di Genova, Genova, Italy
54 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b)
High Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
55 II Physikalisches Institut, Justus-Liebig-Universitat Giessen, Giessen, Germany
56 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
57 II Physikalisches Institut, Georg-August-Universitat, Gottingen, Germany
58 Laboratoire de Physique Subatomique et de Cosmologie, Universite Grenoble-Alpes, CNRS/IN2P3,
Grenoble, France
59 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States
of America
60 (a) Kirchho-Institut fur Physik, Ruprecht-Karls-Universitat Heidelberg, Heidelberg; (b)
Physikalisches Institut, Ruprecht-Karls-Universitat Heidelberg, Heidelberg, Germany
61 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
62 (a) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b)
Department of Physics, The University of Hong Kong, Hong Kong; (c) Department of Physics and
Institute for Advanced Study, The Hong Kong University of Science and Technology, Clear Water
Bay, Kowloon, Hong Kong, China
63 Department of Physics, National Tsing Hua University, Taiwan, Taiwan
64 Department of Physics, Indiana University, Bloomington IN, United States of America
65 Institut fur Astro- und Teilchenphysik, Leopold-Franzens-Universitat, Innsbruck, Austria
66 University of Iowa, Iowa City IA, United States of America
67 Department of Physics and Astronomy, Iowa State University, Ames IA, United States of America
68 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
69 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
70 Graduate School of Science, Kobe University, Kobe, Japan
71 Faculty of Science, Kyoto University, Kyoto, Japan
72 Kyoto University of Education, Kyoto, Japan
73 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University,
Fukuoka, Japan
74 Instituto de Fsica La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
75 Physics Department, Lancaster University, Lancaster, United Kingdom
76 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Universita del Salento, Lecce,
Italy
77 Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
78 Department of Experimental Particle Physics, Jozef Stefan Institute and Department of Physics,
University of Ljubljana, Ljubljana, Slovenia
79 School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
80 Department of Physics, Royal Holloway University of London, Surrey, United Kingdom
81 Department of Physics and Astronomy, University College London, London, United Kingdom
82 Louisiana Tech University, Ruston LA, United States of America
83 Laboratoire de Physique Nucleaire et de Hautes Energies, UPMC and Universite Paris-Diderot and
CNRS/IN2P3, Paris, France
84 Fysiska institutionen, Lunds universitet, Lund, Sweden
85 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain
86 Institut fur Physik, Universitat Mainz, Mainz, Germany
87 School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
88 CPPM, Aix-Marseille Universite and CNRS/IN2P3, Marseille, France
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89 Department of Physics, University of Massachusetts, Amherst MA, United States of America
90 Department of Physics, McGill University, Montreal QC, Canada
91 School of Physics, University of Melbourne, Victoria, Australia
92 Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
93 Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States
of America
94 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Universita di Milano, Milano, Italy
95 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of
Belarus
96 Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Republic of
Belarus
97 Group of Particle Physics, University of Montreal, Montreal QC, Canada
98 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
99 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
100 National Research Nuclear University MEPhI, Moscow, Russia
101 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow,
Russia
102 Fakultat fur Physik, Ludwig-Maximilians-Universitat Munchen, Munchen, Germany
103 Max-Planck-Institut fur Physik (Werner-Heisenberg-Institut), Munchen, Germany
104 Nagasaki Institute of Applied Science, Nagasaki, Japan
105 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
106 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Universita di Napoli, Napoli, Italy
107 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States
of America
108 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University
Nijmegen/Nikhef, Nijmegen, Netherlands
109 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam,
Netherlands
110 Department of Physics, Northern Illinois University, DeKalb IL, United States of America
111 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
112 Department of Physics, New York University, New York NY, United States of America
113 Ohio State University, Columbus OH, United States of America
114 Faculty of Science, Okayama University, Okayama, Japan
115 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,
United States of America
116 Department of Physics, Oklahoma State University, Stillwater OK, United States of America
117 Palacky University, RCPTM, Olomouc, Czech Republic
118 Center for High Energy Physics, University of Oregon, Eugene OR, United States of America
119 LAL, Univ. Paris-Sud, CNRS/IN2P3, Universite Paris-Saclay, Orsay, France
120 Graduate School of Science, Osaka University, Osaka, Japan
121 Department of Physics, University of Oslo, Oslo, Norway
122 Department of Physics, Oxford University, Oxford, United Kingdom
123 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Universita di Pavia, Pavia, Italy
124 Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America
125 National Research Centre \Kurchatov Institute" B.P.Konstantinov Petersburg Nuclear Physics
Institute, St. Petersburg, Russia
126 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Universita di Pisa, Pisa, Italy
127 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of
America
128 (a) Laboratorio de Instrumentac~ao e Fsica Experimental de Partculas - LIP, Lisboa; (b) Faculdade
de Cie^ncias, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of Coimbra,
Coimbra; (d) Centro de Fsica Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de
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Fisica, Universidade do Minho, Braga; (f) Departamento de Fisica Teorica y del Cosmos,
Universidad de Granada, Granada; (g) Dep Fisica and CEFITEC of Faculdade de Ciencias e
Tecnologia, Universidade Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Universita di Roma, Roma, Italy
135 (a) INFN Sezione di Roma Tor Vergata; (b) Dipartimento di Fisica, Universita di Roma Tor
Vergata, Roma, Italy
136 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Universita Roma Tre,
Roma, Italy
137 (a) Faculte des Sciences Ain Chock, Reseau Universitaire de Physique des Hautes Energies -
Universite Hassan II, Casablanca; (b) Centre National de l'Energie des Sciences Techniques
Nucleaires, Rabat; (c) Faculte des Sciences Semlalia, Universite Cadi Ayyad, LPHEA-Marrakech;
(d) Faculte des Sciences, Universite Mohamed Premier and LPTPM, Oujda; (e) Faculte des
sciences, Universite Mohammed V, Rabat, Morocco
138 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l'Univers), CEA Saclay
(Commissariat a l'Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
139 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA,
United States of America
140 Department of Physics, University of Washington, Seattle WA, United States of America
141 Department of Physics and Astronomy, University of Sheeld, Sheeld, United Kingdom
142 Department of Physics, Shinshu University, Nagano, Japan
143 Department Physik, Universitat Siegen, Siegen, Germany
144 Department of Physics, Simon Fraser University, Burnaby BC, Canada
145 SLAC National Accelerator Laboratory, Stanford CA, United States of America
146 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava; (b)
Department of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of
Sciences, Kosice, Slovak Republic
147 (a) Department of Physics, University of Cape Town, Cape Town; (b) Department of Physics,
University of Johannesburg, Johannesburg; (c) School of Physics, University of the Witwatersrand,
Johannesburg, South Africa
148 (a) Department of Physics, Stockholm University; (b) The Oskar Klein Centre, Stockholm, Sweden
149 Physics Department, Royal Institute of Technology, Stockholm, Sweden
150 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY,
United States of America
151 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
152 School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan
154 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
155 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,
Israel
156 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
157 International Center for Elementary Particle Physics and Department of Physics, The University
of Tokyo, Tokyo, Japan
158 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
159 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
160 Tomsk State University, Tomsk, Russia
161 Department of Physics, University of Toronto, Toronto ON, Canada
162 (a) INFN-TIFPA; (b) University of Trento, Trento, Italy
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163 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto
ON, Canada
164 Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science
and Engineering, University of Tsukuba, Tsukuba, Japan
165 Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
166 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of
America
167 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) ICTP, Trieste; (c)
Dipartimento di Chimica, Fisica e Ambiente, Universita di Udine, Udine, Italy
168 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
169 Department of Physics, University of Illinois, Urbana IL, United States of America
170 Instituto de Fisica Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Spain
171 Department of Physics, University of British Columbia, Vancouver BC, Canada
172 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
173 Department of Physics, University of Warwick, Coventry, United Kingdom
174 Waseda University, Tokyo, Japan
175 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
176 Department of Physics, University of Wisconsin, Madison WI, United States of America
177 Fakultat fur Physik und Astronomie, Julius-Maximilians-Universitat, Wurzburg, Germany
178 Fakultat fur Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universitat
Wuppertal, Wuppertal, Germany
179 Department of Physics, Yale University, New Haven CT, United States of America
180 Yerevan Physics Institute, Yerevan, Armenia
181 Centre de Calcul de l'Institut National de Physique Nucleaire et de Physique des Particules
(IN2P3), Villeurbanne, France
182 Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan
a Also at Department of Physics, King's College London, London, United Kingdom
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
c Also at Novosibirsk State University, Novosibirsk, Russia
d Also at TRIUMF, Vancouver BC, Canada
e Also at Department of Physics & Astronomy, University of Louisville, Louisville, KY, United
States of America
f Also at Physics Department, An-Najah National University, Nablus, Palestine
g Also at Department of Physics, California State University, Fresno CA, United States of America
h Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
i Also at II Physikalisches Institut, Georg-August-Universitat, Gottingen, Germany
j Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain
k Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto,
Portugal
l Also at Tomsk State University, Tomsk, and Moscow Institute of Physics and Technology State
University, Dolgoprudny, Russia
m Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China
n Also at Universita di Napoli Parthenope, Napoli, Italy
o Also at Institute of Particle Physics (IPP), Canada
p Also at Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
q Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg,
Russia
r Also at Borough of Manhattan Community College, City University of New York, New York City,
United States of America
s Also at Department of Financial and Management Engineering, University of the Aegean, Chios,
Greece
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t Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South
Africa
u Also at Louisiana Tech University, Ruston LA, United States of America
v Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
w Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of
America
x Also at Graduate School of Science, Osaka University, Osaka, Japan
y Also at Fakultat fur Mathematik und Physik, Albert-Ludwigs-Universitat, Freiburg, Germany
z Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University
Nijmegen/Nikhef, Nijmegen, Netherlands
aa Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of
America
ab Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
ac Also at CERN, Geneva, Switzerland
ad Also at Georgian Technical University (GTU),Tbilisi, Georgia
ae Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan
af Also at Manhattan College, New York NY, United States of America
ag Also at The City College of New York, New York NY, United States of America
ah Also at Departamento de Fisica Teorica y del Cosmos, Universidad de Granada, Granada, Portugal
ai Also at Department of Physics, California State University, Sacramento CA, United States of
America
aj Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
ak Also at Departement de Physique Nucleaire et Corpusculaire, Universite de Geneve, Geneva,
Switzerland
al Also at Institut de Fsica d'Altes Energies (IFAE), The Barcelona Institute of Science and
Technology, Barcelona, Spain
am Also at School of Physics, Sun Yat-sen University, Guangzhou, China
an Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of
Sciences, Soa, Bulgaria
ao Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia
ap Also at National Research Nuclear University MEPhI, Moscow, Russia
aq Also at Department of Physics, Stanford University, Stanford CA, United States of America
ar Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest,
Hungary
as Also at Giresun University, Faculty of Engineering, Turkey
at Also at CPPM, Aix-Marseille Universite and CNRS/IN2P3, Marseille, France
au Also at Department of Physics, Nanjing University, Jiangsu, China
av Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
aw Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia
ax Also at LAL, Univ. Paris-Sud, CNRS/IN2P3, Universite Paris-Saclay, Orsay, France
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